A variety of anatectic migmatites occur in high grade zones of a Mesozoic high T/P typemetamorphic belt the Higo metamorphic belt, Kyushu, Japan. This paper deals with two major lithotypes of the migmatites metatexite and diatexite and attempts to characterize them in terms of field occurrence, texture, mineralogy and whole rock chemistry. The metatexite is a layered migmatite that is composed of leucosome and melanosome with metamorphic fabrics, while diatexite is a massive and more homogeneous type and has plutonic igneous textures. Both types of migmatite occur in a high grade garnet cordierite zone (D zone) and an even higher grade garnet hypersthene zone (E zone) of the Higo metamorphic belt, and they are both considered to represent the products of partial melting of pelitic and psammitic gneisses. The diatexite occurs in masses, sporadically, in the matrices of metatexite both in the D zone and E zone, and it does not appear to increase in abundance with the increase of metamorphic grade. Another important finding is that no systematic compositional difference has been detected between the metatexite and the diatexite despite their textural and structural differences, if compared within the same D zone. Treating the metatexite and diatexite together, it was shown that the E zone migmatites are chemically and mineralogically more depleted than the D zone migmatites, which may imply that the former represents the refractory residues of partial melting. Some leucogranites, which form veins, dikes and pods in metamorphic rocks, have compositions of anatectic melts and are considered to be compositionally complementary to the residual E zone migmatites. Although the D zone rocks must also have been partially molten at the peak of metamorphism, melt segregation probably did not take place effectively there, and, as a whole, they largely retain their original metasedimentary composition. The factor controlling the structural types of the migmatite is also discussed.
INTRODUCTION
The study of migmatites in high temperature metamorphic terranes is important for an understanding of the partial melting and melt transport processes in the middle to lower continental crust. In the Higo metamorphic belt, which is a high T/P metamorphic terrane situated in west central Kyushu, two major structural types of migmatite metatexite and diatexite (Brown, 1973) have been reported to occur in the highest grade parts, i.e., the amphibolite to granulite facies grade zones (Obata et al., 1994) . The conventional view of these rock types is that metatexite is the product of incipient or low degree partial melting, while diatexite is the product of complete or near complete melting (Mehnert, 1968; Brown, 1979) . Diatexite is, therefore, expected to occur more pervasively in higher temperature zones than metatexites, as is exemplified in the Black Forest in Germany (Mehnert, 1968) and in St. Malo in France (Brown, 1979; Milord et al., 2001 ). In the Higo metamorphic belt, also, the amount of diatexite has been reported to increase with increasing metamorphic grade (Obata et al., 1994) . However, more carel field observation in the present study does not support such a view and, thereby, raises a question as to the origin and genetic relationships of these two lithotypes of migmatites. We investigated, therefore, T. Kobayashi, kobayashi@kueps.kyoto u.ac.jp Corresponding author M. Obata, obata@kueps.kyoto u.ac.jp Y. Yoshimura, yosimura@cc.kochi u.ac.jp the occurrence of migmatites more carefully, and tried to characterize them more accurately in terms of texture, mineralogy, and whole rock chemistry. In particular, we present a set of whole rock chemical analyses of the migmatites and related gneisses, obtained by XRF, and examined possible differentiation processes presumably accompanying the partial melting processes. In this paper, we only deal with migmatites of pelitic to psammitic compositions and do not deal with other migmatite types of basic composition such as agmatites (Mehnert, 1968) .
GEOLOGICAL OUTLINE
The Higo metamorphic belt is an east west trending narrow belt, 25 km long and up to 7 km wide, located in the west central part of Kyushu, on the northern side of the Usuki Yatsushiro Tectonic Line (Fig. 1) . The metamorphic belt is composed of the Manotani metamorphic rocks to the north and the Higo metamorphic rocks to the south. To the north of the Manotani metamorphic rocks, across a fault contact, lies the Mizukoshi Formation, of Late Permian age, which comprises strata of shale, sandstone, and conglomerate. The shale is weakly metamorphosed on the southern rim of the Formation and is, therefore, considered to be the protolith of the Higo metamorphic rocks to the south. The Manotani metamorphic rocks are dominantly schistose metabasite of greenschist facies with minor intercalations of metapelite and metachert, while the Higo metamorphic rocks are dominated by pelitic and psammitic rocks with subordinate amounts of intermediate to basic rocks, limestones and other calcareous rocks, and trace amounts of serpentinite. The Manotani rocks are considered to be stratigraphically continuous with the Higo metamorphic rocks, although they are locally in a fault contact (Okamoto et al., 1989; Karakida et al., 1989) . Further to the north, the Mizukoshi Formation and the Higo metamorphic rocks are unconformably overlain by Cretaceous strata of the Mifune Group.
The main part of the Higo metamorphic rocks is characterized by high T/P type metamorphism, although some features of earlier, medium pressure metamorphism have been noted, such as staurolite (Osanai et al., 1995; Maki et al., 2004) . Some anatectic features, such as migmatites, and granitic segregates and veins have been documented in the highest grade zones, i.e., the amphibolite to granulite facies grade zones (Obata et al., 1994) , which are the subject of this study.
To the south, a Cretaceous plutonic complex, the Shiraishino granodiorite and the Miyanohara tonalite, intrudes into the Higo metamorphic rocks. This in turn is bordered on the south by a narrow metamorphic terrane, the Ryuhozan metamorphic rocks, which is truncated on its south by the Usuki Yatsushiro Tectonic Line (Hayama et al., 1982; Sakashima et al., 1999; Owada et al., 1999) . The Shiraishino granodiorite is massive, medium grained and is mainly composed of quartz, plagioclase, biotite, and hornblende. The Miyanohara tonalite is of the same mineralogy but is generally more basic in composition, containing more hornblende and less K feldspar. These intrusives are, on a gross scale, distributed semi parallel to the metamorphic belt, and the contact is roughly concordant with the internal structure of the metamorphic rocks and, therefore, the intrusion is considered to be syntectonic and synmetamorphic. This scheme is supported by radiometric dating of these intrusives, both by the K Ar method (Nagakawa et al., 1997; Nakajima et al., 1995; Kamei, 1997) , and the Rb Sr method (Shibata and Yamomoto, 1965; Hayase and Ishizaka, 1967) . Throughout the Manotani and Higo metamorphic rocks, the metamorphic grade increases monotonically southward and the whole terrane has been subdivided into five zones of different metamorphic grade, A, B, C, D and E, in the order of increasing metamorphic grade (Nagakawa et al., 1992) . Chlorite muscovite is stable in zone A; biotite muscovite andalusite stable in zone B; K feldspar sillimanite biotite stable in zone C; garnet cordierite biotite stable in zone D; and hypersthene garnet biotite is stable in zone E (Fig. 1) . Varieties of migmatite are developed in the D and E zones. In addition, small scale dikes, veins, and pods of leucogranitic rocks, which are believed to be genetically related to the migmatites, occur in the metamorphic rocks and they are widely distributed in the C, D and E zones (Obata et al., 1994) .
Using various geothermometers and geobarometers, Yoshimura (2004) demonstrated that the apparent increase in the metamorphic grade of the Higo metamorphic rocks is certainly due to the increase in temperature. The inferred physical conditions of metamorphism for each zone are as follows: 570 620 C and 0.14 0.29 GPa for zone B, 660 770 C and 0.3 0.7 GPa for the northern part of zone D, 760 870 C and 0.4 0.78 GPa for the southern part of zone D, and 780 930 C and 0.5 0.88 GPa for zone E. In a comparison with published experimental studies of partial melting of pelitic rocks and biotite (e.g., Vielzeuf and Holloway, 1988; Le Breton and Thompson, 1988) , the temperatures inferred for zone D and zone E are high enough for ordinary metapelites to undergo a significant degree of partial melting, and thus to produce varieties of migmatites.
Recently, the Kosa area has been re mapped by Maki et al. (2004) , who claim that the garnet cordierite stability zone (zone D) is wider than previously thought, and that the C zone cannot be defined in this area. Because this change of subdivision does not affect the following treatment, we use the Nagakawa et al. (1997) subdivision in this paper.
There is a controversy about the age of metamorphism. The age of the Higo metamorphic rocks has been determined by the K Ar radiometric method, analyzing metamorphic biotite, muscovite and hornblende. A limited range of age, 100 to 108 Ma, was obtained from a wide area of the metamorphic grades, covering zone B to zone E (Nakajima et al., 1995; Nagakawaet al., 1997) . However, significantly older ages (206 to 214 Ma) were obtained from some samples from the Manotani metamorphic rocks (zone A), where high pressure mineralogy (lawsonite, prehnite and crossite) had been reported (Karakida et al., 1989) , thereby suggesting the possibility of polymetamorphism of the whole metamorphic terrane. On the other hand, Osanai et al. (1993) , using a Rb Sr whole rock isochron method, reported a significantly older age, 229.4 26.3 Ma, than above for the garnet cordierite biotite tonalites (diatexites) that are considered to be partial melting products of the Higo metamorphic rocks. The same authors (Osanai et al., 1996; 1998; also reported a similar age, ca 230 Ma, by the SHRIMP method using zircons from the same tonalites. They inferred that the Higo metamorphic rocks reached a peak of metamorphism at about 230Ma and that they were later locally re heated by intrusions of Higo plutonic rocks at about 120 Ma (Kamei et al., 1997) . Sakashima et al. (2003) , however, obtained a younger SHRIMP age, 116.5 18.7 Ma, from the rim of zircons, which is more comparable to the metamorphic age of Nagakawa et al. (1997) .
PETROGRAPHY AND FIELD RELATIONSHIP
Here we give descriptions only of migmatites and related rocks. Microprobe analyses of minerals were carried out using an energy dispersive electron microprobe at Kyoto University. Both natural and synthetic materials were used for standards, and the ZAF correction was applied to X ray intensity data. For more detailed description of extensive chemical analyses of rocks, the reader is referred to Yoshimura (2004) and Maki et al. (2004) .
Pelitic and psammitic gneisses
As mentioned above, pelitic and psammitic gneisses are dominant lithologies of the Higo metamorphic rocks. They are muscovite biotite gneiss, garnet biotite gneiss, and garnet cordierite biotite gneiss according to the rock composition and the metamorphic grade. A general increase of the grain size and of the gneissosity or the compositional banding is observed with an increase in metamorphic grade. Garnet cordierite biotite gneiss from D zone, for example, has a well developed gneissosity and fabric, being composed of leucocratic layers and melanocratic layers. The leucocratic layers are composed of quartz, plagioclase, K feldspar and smaller amounts of biotite and graphite, while the melanocratic layers composed of biotite, cordierite and garnet with or without sillimanite.
Migmatites
Metatexite. Metatexite is a layered migmatite, being composed of coarse rained, igneous textured leucocratic layers (leucosomes) and fine grained, metamorphic textured, melanocratic layers (melanosomes or mesosomes) (Fig. 2a) . In this paper, we do not distinguish between the melanosome and the mesosome (e.g., Ashworth, 1985) , and only use melanosome for melanocratic layers as a counterpart of the leucosome. An important difference between this rock type and ordinary gneisses is that the leucocratic layers in the metatexite are more coarse grained and have igneous textures as described below.
The leucosome is coarse grained, being composed of quartz, plagioclase, K feldspar and smaller amounts of biotite and graphite. The plagioclase is coarse grained (1 2 mm) and is typically euhedral (Fig. 3b) . Large K feldspar crystals, when present, contain many small inclusions of quartz and plagioclase, in the form of oikocrysts.
The melanosome consists of biotite, garnet, cordierite and sillimanite in zone D. Other accessory phases are tourmaline, sphene, graphite and, in some cases, greenish spinel (hercynite). Graphite is also common, and forms flaky crystals (Fig. 3c) . In some metatexite from E zone, orthopyroxene and cummingtonite are important constituent phases instead of cordierite. XMg of the orthopyroxene is 0.40 0.42 and Al2O3 content is less than 0.1 wt% and CaO, 0.8 0.9 wt%. Orthopyroxene does not always occur in E zone migmatites, probably reflecting bulk rock compositions. Where present, orthopyroxene is surrounded by cummingtonite (Fig. 3f) . Many crystals of cummingtonite poikilitically (or poikiloblastically, if metamorphic) include crystals of plagioclase. The spinel is greenish and is paler in color in zone E than in zone D. Spinel and sillimanite are always included in cordierite and in biotite in migmatites from both zones. Biotite has been partly altered to chlorite. Garnet porphyroblasts are 1 mm to 3 mm in size and contain inclusions of quartz, plagioclase, biotite and sillimanite. Small euhedral crystals of apatite (0.5 mm length) are ubiquitous. Small grains of prehnite ( 0.2 mm), of presumably secondary origin, occur sporadically in some metatexite leucosome and melanosome from zone E. Diatexite. Mesoscopically, diatexite is relatively homogeneous and shows no clear banding or gneissosity (Fig. 2) . It may be further subdivided, according to the degree of homogeneity, into inhomogeneous diatexite and homogeneous diatexite. It is important to note that diatexite is basically of the same mineralogy as the metatexite in the same metamorphic zones. There is no significant compositional difference in plagioclase between the two migmatite types diatexite and metatexite if they are compared within the same zone. There is, however, a significant difference in the plagioclase composition between the D zone and the E zone; the E zone plagioclase is more calcic (An 39 46 ) than the D zone plagioclase (An 32 41 ), as described below.
Inhomogeneous diatexite is, in a sense, a transitional facies between the metatexite and the homogeneous diatexite. It is mesoscopically inhomogeneous, having a patchy structure without clear gneissosity, and is composed of a leucocratic part and a melanocratic part (Fig.  2b) . The leucosome consists of quartz, plagioclase, K feldspar and small amounts of biotite, and the melanosome consists of biotite, garnet and cordierite, with or without sillimanite.Common accessory phases in the melanosome are tourmaline, sphene, graphite and greenish spinel (hercynite). The cordierite porphyroblasts in leucosome are rounded and subhedral in shape, while those in melanosome are smaller in size, with many inclusions of fibrolite and spinel. Homogeneous diatexite is massive and more homogeneous, without clear foliations or gneissosity. Under the microscope, it has an igneous, plutonic microstructure containing euhedral to subhedral plagioclase crystals, which typically show twinning and zoning. Large K feldspar crystals (oikocrysts) contain many inclusions of quartz and plagioclase (Fig. 3d ). Other phases are biotite, garnet, sillimanite, tourmaline, sphene, graphite and greenish spinel (hercynite). Sillimanite is usually surrounded by biotite or cordierite, forming a nematoblastic texture (Fig. 3e) . The tourmaline is euhedral to subhedral, and shows concentric zoning as noted by the color difference. Orthopyroxene is surrounded by cummingtonite, as in metatexites (Fig. 3f) . The garnet from D zone is typically surrounded by cordierite. Garnet porphyroblasts are irregular in shape in E zone diatexites (Fig.  3e) . Biotite is brownish or reddish brown in color, and shows clear pleochroic halos around zircon inclusions.
Leucogranites and leucocratic veins
Leucogranites, forming veins, dikes, and pods, are mesoscopically massive and show no clear banding or gneissosity. They are composed of quartz, plagioclase, K feldspar and small amounts of biotite, with or without garnet and cordierite. A more detailed description of the leucogranites was given in Obata et al. (1994) . Figure 4 shows a field distribution of the two major lithotypes of migmatite the metatexite and diatexite in two mapped sub areas covering the D and E zones. On this map, the diatexite is further discriminated into two subtypes: inhomogeneous diatexite and homogeneous diatexite . As seen in the figure, the occurrence of diatexite is only sporadic, and there is no clear correlation between the abundance of diatexite and the metamorphic grade. The diatexite is best developed in a few restricted portions in zone D, and it is by no means a dominant type of migmatite in the higher grade zone E.
Field relationship of metatexite and diatexite
In some outcrops, the two types occur side by side, and one type is observed to grade into the other over a short distance (Fig. 6a) . A more detailed distribution of the migmatite types is illustrated along a selected route in Figure 5 . Note that masses of diatexite occur in the matrix of metatexite, and they are not in direct contact with ordinary gneisses. In terms of structure, although the general structural trend of the gneissosity or layering is EW, with steep dipping to the north in this area, some regional clockwise rotation of the strikes is observed in some restricted areas (Fig.4 , subareas (1) and (2)). In the south western region near the granodiorite, such apparent structural distortions may be related to the granodiorite intrusion to the south (Fig. 4(2) ). On a smaller scale, the structure of metatexites varies gradually and appears to have been dragged along the margins of diatexite masses, marking clear shear zones (Fig. 6a) . On weathered land, diatexite often occurs as massive round blocks, up to a few meters in size, sticking out of the weathered surface of the matrix of metatexite in a form like micro knockers (Fig. 6c) . This occurs because the diatexite is more massive and more resistant to weathering than the metatexites. Some diatexite masses are injected with leucocratic veins or dikes from a few centimeters to 30 cm wide.
Modal composition
Modal compositions were obtained for gneisses and migmatites by point counting thin sections. One sample of garnet biotite gneiss, nine samples of metatexite (seven from zone D; two from zone E) and five samples of diatexite (four from zone D; one from zone E) were selected for modal analyses. Care was taken to obtain good averages for modal compositions of inhomogeneous samples such as metatexites and inhomogeneous diatexites. When possible, the leucosome and melanosome portions were measured separately by counting along transects set parallel to the gneissosity, and average compositions were also obtained by counting along transects set perpendicular to the gneissosity. The results are illustrated in two triangular plots: (a) quartz total feldspar (plagioclase + K feldspar) total mafic minerals (biotite + garnet + cordierite) (Fig. 7a) , and (b) quartz plagioclase K feldspar (Fig. 7b) . The compositional field of the fine grained leucogranites that are considered to represent accumulated and frozen anatectic melts from the same area (Obata et al., 1994) is also shown for comparison in the quartz plagioclase K feldspar plot.
Important features of these data are summarized as follows. The leucosome from the D zone metatexites forms a well defined compositional cluster, being enriched in quartz. Notice that the metatexite leucosomes analyzed in this study are not so depleted in K feldspar, as emphasized in Obata et al. (1994) , which indicates there are varieties in leucosomes. It is interesting to note that the melanosome contains more K feldspar than the leucosome within the same metatexite (Fig. 7b) . The bulk metatexites are compositionally similar to bulk gneisses from non migmatitic zones. The D zone diatexites are more depleted in quartz than the bulk metatexites from the same zone, and largely overlap with the melanosomes of the metatexites in composition.
For zone E, on the other hand, the bulk metatexites are depleted in quartz and are similar to the D zone and E zone diatexites. It is also noticeable that one sample of E zone diatexite is greatly enriched in plagioclase and is depleted in both K feldspar and mafic components.
It is interesting to note that many diatexites are compositionally similar, in terms of the quartz plagioclase K feldspar proportion, to the fine grained leucogranite of Obata et al. (1994) , and that the leucosomes of the metatexites are more enriched in quartz and depleted in feldspars than the leucogranites (Fig. 7b) .
PLAGIOCLASE AND K FELDSPAR COMPOSITION
The plagioclase is rather homogeneous in all migmatites samples. Only a very small proportion of the plagioclase crystals show some slight compositional variation, in that there are both increases and decreases of anorthite content (An) up to 1 mole percent. For metatexites or inhomogeneous diatexites, no significant compositional difference was observed for the plagioclase between the leucosome and the melanosome within the same samples. The plagioclase from D zone metatexites is in the range of An 27 31 . That of D zone diatexite is An 26 30 . As mentioned above, plagioclase from zone E is more calcic than that of zone D. That from E zone metatexite is An32 41 and that from E zone diatexite is even more calcic, being An 39 46 (Fig. 8) . The orthoclase content (Or) in the plagioclase is typically below 1.6 mole percent both from D and E zones and there is no compositional difference between the two zones. The K feldspar from the E zone samples contains generally more orthoclase component than that from the D zone samples, and therefore tie lig. 9).
WHOLE ROCK CHEMISTRY
Major and trace element contents have been determined on 11 pelitic gneisses, 16 metatexites, 9 diatexites, and 5 leucogranites samples covering a wide area of the Higo metamorphic terrane. Sample localities and more petrographic details of the analyzed samples are given in Appendices 1 and 2, respectively. For inhomogeneous samples, such as metatexites and inhomogeneous diatexites, large enough samples, typically between 1.5 and 2 kg of each, were crushed to obtain good average approximations of the whole rock composition and about 200 g fractions were taken from the well mixed and powdered rock in the tungsten carbide disk mill. For two metatexite samples (HG34, 99121401), leucosome and melanosome portions were separated by hand picking during fragmentation, and each portion was powdered and analyzed separately. Major elements were determined using the X ray fluorescence spectrometer at Kyoto University (Rigaku SAIMAL3550), and some trace elements (Ba, Ni, Cu, Zn, Pb, Th, Rb, Sr, Y, Zr, Nb, S) using the X ray fluorescence spectrometer (Rigaku RIX 3000) at the Japan Agency for Marine Earth Science and Technology (JAMSTEC). The analytical procedure followed the methods of Goto and Tatsumi (1994; . The results for both major and trace elements are listed in Table 1 .
Major elements
The major element compositional variation for the Higo migmatite, gneisses, and leucogranites are shown in Figure 10 . In the plot, the diatexite and the metatexite from zone D and zone E, respectively, are distinguished using different symbols in order to illustrate both inter rock type and inter zone differences. Seven samples from the southern end of the D zone (i.e., close to the E zone front; locations indicated on the map in Appendix 1), which are referred to as D zone south samples hereafter, are treated separately using different symbols in order (Obata et al., 1994 ) is also shown. Total feldspar is the sum of K Feldspar and plagioclase and Mafic minerals is the sum of biotite, garnet and cordierite.
to examine regional variations more precisely. In addition, two pairs of melanosome and leucosome, separated from one zone D metatexite sample and one zone E metatexite sample, respectively, are plotted using different symbols (triangles and stars), and they are connected with tie lines for each. Looking at the overall variation, an obvious feature is the relatively good linear negative correlation trend for Al 2 O 3 , TiO 2 , Fe 2 O 3 and MgO against SiO 2 , covering all rock types. The correlation with SiO 2 is poor for other elements such as CaO, K 2 O, Na 2 O, MnO and P 2 O 5 . Examination of the data sorted according to different rock types shows that the SiO2 content of the gneisses ranges between 59 and 69 wt%, excluding one exceptionally basic sample with SiO 2 48.5 wt% (sample HG30UT in Table 1 ). This basic gneiss has unusual lithology, being rich in biotite and garnet and, thus, is treated separately. The metatexites show a nearly identical range of SiO 2 , between 57% and 71%, and the diatexites (both homogeneous and inhomogeneous) also show this same range. The SiO 2 content of the leucogranite is greater than these migmatites, and has more restricted range, between 68 and 76 wt%.
The SiO 2 content of the melanosome of one of the D zone metatexites is lower than the bulk D zone metatexites, while the leucosome data are plotted in the region defined by the leucogranites. Such a distinct compositional contrast, however, is not seen for the other leucosome melanosome pair separated from one E zone metatexite sample.
Although the CaO, K 2 O and P 2 O 5 contents show wide ranges of composition without any obvious correlations with SiO 2 , some clear compositional differences may be noted for migmatites between zone D and zone E, as follows. The zone E migmatites (both metatexite and diatexite) form a compositional cluster in a high CaO, high P 2 O 5 and low K 2 O region (Fig. 10) . Although the K 2 O content is constantly low, the CaO and P 2 O 5 contents appear to have negative correlations with SiO 2 in these E zone migmatites. It is also noted that, within zone D, both the metatexites and diatexites show considerable compositional scatter and that these two groups of migmatites cannot be discriminated from each other (Fig. 10) .
In order to make the comparison more precise, we obtained average compositions for each group of samples (i.e., pelitic gneisses, D zone metatexites, D zone diatexites and E zone metatexites) with the standard devia- The E zone diatexites also contain small amounts of K feldspar, which have not been analyzed by microprobe. , not analyzed; n.d., not detected. tions of each, and made the comparison shown in Table  2 . The exceptionally basic gneiss (HG30UT) was excluded from the averaging. The averages for the gneiss, the D zone metapelite, and the D zone diatexite agree with each other within statistical uncertainties. The E zone metatexite is significantly higher in CaO and lower in K 2 O than the D zone migmatites and the average gneiss. The E zone diatexite, although one sample only, also shows the same tendency (Table 1) . No significant difference is noted among the average P 2 O 5 contents of these three groups, but the higher content of P 2 O 5 in the E zone migmatites is obvious in the variation diagram in Figure 10 , and is considered to be significant. In order to see if such regional variation (or compositional correlations with the metamorphic grade) is real and not just due to sampling bias or to small sample size, we added other published data on the Higo area (Nagakawa, 1993; Obata et al., 1994) to the same variation diagram (Fig. 11) . For clarity, and to highlight the inter zone differences, we do not distinguish metatexite and diatexite on this plot. For the literature data set, we use the same but smaller sized symbols in order to facilitate the comparison with Figure 10 . Leucogranite data is also added from Obata et al. (1994) . Synthetic melt compositions obtained from partial melting experiments using pelitic gneiss (Vielzeuf and Holloway, 1988) are plotted for comparison in the diagrams of Figure 10 . This particular set of experimental data was chosen because the rock used for the experiment is compositionally similar enough to typical Higo gneisses, and because the experimental temperature and pressure conditions are close to those of natural anatectic conditions. Distinction of the D zone south samples is maintained. Indeed, the CaO and K2O discrimination is upheld for this larger data set if we excluded the D zone south samples. Some D zone south samples from the literature plot within the E zone range, showing a transitional nature for this group. The discrimination may be better appreciated in the CaO K 2 O plot, as in Figure 12 , in which a smooth negative correlation trend emerges and the leucogranites form a cluster in the high K, low Ca range, as opposed to the E zone migmatite cluster.
Some E zone migmatite values from the literature are low in P 2 O 5 and, therefore, the linear negative correlation between P 2 O5 and SiO 2 noted with the present data ( Fig. 10) diminishes.
The whole rock compositions were also examined in terms of the CIPW norm, in particular that of the haplogranite components, Qz, Ab, An and Or. In the norm calculation, the Fe 3+ /Fe 2+ atomic ratio was arbitrarily fixed to be unity, but changing this assumption does not affect the ratio of these components significantly. Figure 13 shows the An Ab Or and Qz Ab Or triangular plots for the Higo migmatites, gneisses, and the leucogranites. The compositional area of the fine grained leucogranites of Obata et al. (1994) is also shown. It is seen in the figure that the E zone migmatite (both diatexites and metatexites) forms a broad but distinct compositional field, ranging from an Or poor, Ab rich side to an An rich, Or poor side. It should be noted that apparent high Or contents of some E zone migmatite samples in the Qz Ab Or plot are the result of projection from the high An content area onto the Qz Ab Or plane. Despite the compositional variation, the E zone migmatite is clearly discriminated in composition from the field of the fine grained leucogranite in these plots, as was seen in Figure  12 .
Trace elements
The variation of trace element content is examined in relation to the SiO2 content, as shown in Figure 14 . An obvious feature in the plot is the negative correlations of Ni, Zn, Y, Nb and Zr with SiO2, which may indicate that these elements behaved as compatible elements in magmatic fractionation. Considerable scatter is noted for some other elements, such as Ba, Cu, Pb and Th, but systematic differences may be noted for these elements between the D zone migmatites and the E zone migmatites as follows. As in the case of major elements, the E zone migmatites form a cluster at low Ba, Pb, Th and Rb Table 2 . Averages of major element whole rock analyses of the Higo gneiss, diatexite, and metatexites from the D and E zones, respectively
The standard deviation has been calculated for each and the number of analyses used to obtain averages is indicated in parenthesis. Analyses of Ref.
No. G4, DM9, DM10 (Table 1) were excluded in the averaging (refer to text). * Total Fe as Fe 2 O 3 .
Figure 11. Whole rock major element variation for the Higo samples, incorporating literature data from Obata et al. (1994) and Nagakawa (1993) . FGL is the fine grained leucogranite of Obata et al. (1994) . (1994) and Nagakawa (1993) included. FGL , the fine grained leucogranite of Obata et al. (1994) .
contents and at high Sr content, compared with the average D zone migmatites. Many leucogranites are characterized by their high abundances of Ba, Pb, Th and Rb. These elements are, however, less abundant in leucosomes than in the paired melanosomes from the two analyzed metatexite samples (HG34 and 99121401), indicating that these particular leucosomes do not represent frozen melts. To better appreciate the inter zone difference, discrimination diagrams were constructed using some trace elements, as shown in Figure 15 , in which a cluster of the E zone migmatites is clearly seen in the low Ba, low Rb, low Th and high Sr area. The sulfur content of leucogranites is generally low. It is variable and cannot be clearly correlated with other rock types or metamorphic grades. A broad overall correlation may be noted, however, between sulfur content and Cu and Zn contents, suggesting that most sulfur is accommodated in sulfide minerals.
Observing the behavior of these trace elements, we conclude that Ba, K, Pb, Th, and Rb behaved as incompatible elements; while Ni, Zn, Y, Zr and Nb behaved as compatible elements.
Summary of geochemical analyses
From the observation of geochemical patterns for both major and trace elements, it appears that the E zone migmatites both diatexite and metatexite are refractory residues of partial melting of metasediments, while some D zone migmatites retain primary compositions as represented by the analyzed metapelites. Some leucogranites, if not all, represent anatectic melts, and are compositionally complementary with the restitic E zone migmatites. A puzzling feature emerging from the geochemical analy- sis is that the diatexite and the metatexite are geochemically indistinguishable, at least within the D zone, despite the textural and structural differences.
DISCUSSION
Important conclusions obtained from the analysis of whole rock chemistry of the Higo migmatites and related rocks are that, at least within the D zone, there are no significant compositional differences between two important textural types of migmatite metatexite and diatexite and that the E zone migmatites are more refractory, in terms of melt components, than the D zone migmatites. The more calcic nature of the plagioclase of the E zone migmatites is consistent with the latter view. It is conceivable that residual plagioclase progressively becomes more calcic as the melting reaction proceeds. The D zone migmatites, on the other hand, are geochemically indistinguishable from pelitic gneisses from non migmatite zones. The restitic nature of the E zone migmatites suggests that significant amounts of melt may have been removed from partially molten rocks in the E zone. In the D zone, it seems, from geochemical arguments, that melt extraction was more limited, although this zone was probably also in a partially molten state, judging from geothermo barometric arguments and from textural observation of the migmatites (Obata et al., 1994; Yoshimura, 2004) .
Important melting reactions that are likely to have taken place in the Higo rocks are: biotite + sillimanite + quartz = garnet + cordierite + K feldspar + melt (1),
and biotite + quartz = orthopyroxene + K feldspar + melt (3).
As discussed in Yoshimura (2004) , reaction (1) would be important in the D zone, while reactions (2) and (3) would be responsible for the occurrence of orthopyroxene in zone E. The melts in these reactions are known to be peraluminous and acidic. Such acidic melt produced in ordinary crustal conditions is not very mobile because of its high viscosity and its small compaction length and, therefore, any significant long range melt segregation will not occur within a geologically realistic time scale (McKenzie, 1985) unless shear deformation plays a significant role (Wickham, 1987; Brown et al., 1995; Obata et al., 1994) . The compaction length is a function of the rheological properties of the melt and the solid matrix, as well as the initial permeability, which is a function of the melt fraction and the grain size (McKenzie, 1984) . With increasing temperature, the melt viscosity decreases rapidly, whereas the melt fraction also increases, though less rapidly. Therefore, it is conceivable that the partial melt was more mobile in the higher temperature E zone than in the D zone, and that significant melt extraction may have taken place in E zone, resulting in the residual nature of the E zone migmatites.
Leucocratic veins, dikes, and pods distributed in the metamorphic rocks bear witness to such melt extraction and migration processes. Some melt may have migrated over long distances and have accumulated at shallow levels to form granitic pods or lenses in the metamorphic rocks, as documented by Obata et al. (1994) .
It is conceivable that the partial melts produced in the D zone failed to escape from the generating areas and may have undergone some back reactions upon cooling. The nematoblastic sillimanite in the D zone diatexite and biotite that surrounds garnet porphyroblasts in some D zone diatexites and metatexites may be the products of such back reactions. The cordierite that surrounds garnet porphyroblasts in some D zone diatexite may also be the product of back reactions, or of some retrograde decompression reactions such as that reported by Vielzeuf and Holloway (1988) :
A question remains, however, regarding the controlling factors that determines the structural types of migmatites: i.e., metatexite versus diatexite. An important fact that needs to be stressed is that there is no clear systematic difference in whole rock chemistry between the two types of migmatites when compared within the D zone, and the abundance of diatexite does not appear to be simply correlated with the metamorphic grade. As mentioned above, the diatexite has generally been thought to represent a high degree of partial melting, or nearly a magmatic crystal mush state. If this view is correct, it follows that there was a steep gradient to the degree of partial melting (or the melt fraction) in partially molten rocks at metatexite diatexite boundaries. Theoretically, the degree of partial melting is a function of the temperature and the activity of water, for a fixed starting composition (Clemens and Vielzeuf, 1987; Patin o Douce and Johnston, 1991) . It is unlikely that there was a steep temperature gradient over a short distance during a regional metamorphism. We tried to detect any sign of equilibration temperature differences between the two migmatite types by carefully examining the Fe Mg partitioning between garnet and biotite, but failed to detect any significant differences between the two types. We consider, therefore, the possibility that the migmatite types reflect compositional variations that were originally present in the metasediments. At a common temperature and pressure condition above solidus, relatively fertile portions would produce more melt than less fertile portions. Melt segregation would occur more readily in the fertile, melt abundant portions than in less fertile, melt poor portions because the permeability rapidly increases with the melt fraction (McKenzie, 1985; Holness, 1997; Laporte et al., 1997) . If preferential melt separation took place from such a fertile portion, and if the melt is squeezed out of the system, the rocks will become refractory as a whole and, thereby, the originally present compositional contrast in the metasediments will be reduced. If this is the case, we would expect to see some field evidence for such preferential melt segregations. The inhomogeneous diatexite may support such a view. We observe leucocratic veins and dikelets crosscutting some diatexite masses in D zone, but it is not clear if they really represent melt channels originating in the host diatexites.
Another aspect of the migmatite that needs to be discussed is its deformational features. The Higo metatexites typically show more pronounced planar fabrics and lineations than the diatexites, and, therefore, the former appear to represent more deformed facies than the latter. Shear deformation would enhance the melt segregation in partially molten rocks (Brownet al., 1995) , and for this reason, one may expect to see a more depleted nature for the metatexites than for the diatexites. The geochemical whole rock data do not support such a view. It is possible, however, that a small scale melt segregation would be enhanced by the shear deformation, which may have resulted in the formation of the layered structure in the metatexites. This view represents the idea that deformation is a controlling factor for differentiating the migmatite textural types; that is, diatexite represents relatively undeformed facies while metatexite represents more deformed facies, which does not necessarily assume the presence of the original compositional contrast envisaged above. The question then is: what controls such a shear localization or shear partitioning among different potions of rocks?
We envisage the following scenario for a kind of structural instability. If there were some non uniformity in rock strength present in the partially molten state, and the whole area were subjected to a regional shear stress, shear may have been localized into relatively soft portions. Such a shear deformation may enhance a small scale melt segregation, creating a layered structure. The more deformed the rocks, the more advanced the small scale melt segregation. While the rocks as a whole become more ductile, relatively stiff portions remain relatively undeformed, thereby creating a structural contrast and inhomogeneities. In this view the diatexite masses may be regarded as islands left relatively undeformed in the matrix of more deformable metatexite. Many shear zones developed around the diatexite masses, as observed in the Higo migmatite terrane, may have been resulted from such rheological contrast.
Another possibility we should bear in mind is that the diatexite, if it were to represent more melt born masses of rock, may have been mobilized before it consolidated. When rocks undergoe a large degree of partial melting, they swell and, therefore, gain buoyancy if effective melt segregation did not take place. Therefore, the mobile mass of magma may migrate as a whole, being driven by the buoyancy (Wickham, 1987) . The shear zones developed around the diatexite masses in D zone may be the result of such motion. The displacement of the mass, if it ever occurred, however, cannot be considered large because the diatexite has essentially the same mineralogy as the surrounding metatexite.
In summary, a key parameter that needs to be evaluated to test the above hypotheses is the degree of partial melting, or the melt fraction prior to the melt segregation. Whole rock geochemistry is of limited use for this purpose because we do not have a good constraint for the original rock compositions, as shown above, and we need to find some other independent parameters, measurable in rocks, for the degree of partial melting in order to advance further the science of migmatites.
CONCLUSIONS
Important conclusions obtained in the present study of the Higo migmatites may be summarized as follows.
Although both metatexite and diatexite occur in zone D and zone E of the Higo metamorphic terrane, the homogeneous type of migmatite, i.e, diatexite, does not appear to increase in abundance with metamorphic grade as previously thought by Obata et al. (1994) , but it occurs sporadically among the matrix of metatexite, in both the D and E zones.
When compared within the same zone, the diatexite is, on average, indistinguishable from the metatexite in term of whole rock chemistry, despite their structural differences. The E zone migmatites (both metatexites and diatexites), however, are more depleted in melt components than the D zone migmatites and, therefore, are considered to be residues of partial melting. Although the D zone migmatites were also in a partially molten state at their peak metamorphic stages, melt segregation probably did not take place so effectively there, and the whole rock composition has not been significantly modified from that of their protoliths. The leucogranitic veins and pods that are distributed in metamorphic rocks in the C, D, and E zones are considered to represent frozen acidic melts that have presumably been derived from the E zone.
The factor controlling the structural types of migmatite remains uncertain. Two possibilities were considered: (1) the diatexite reflects originally fertile portions of metasediments, where more melts have been produced and segregated out than the metatexite portions; and (2) the metatexite represents more deformed facies of partially molten rocks, whereas the diatexite represents undeformed facies forming islands left strain free among deformed matrices of metatexite during regional shear deformation and anatexis.
A key parameter to discriminate between these two hypotheses and need to be investigated in future study is the degree of partial melting for the migmatites that should not be affected by the segregation or separation of partial melts.
